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Preface

The Air Force Flight Dynamics usborxatory is currently engaged in
the development of the Air Cushion Landing Gear, and it is, indeed,
peldom that a student has the opportunity to be assoclated with a
project of this stature. Upsn further development, I feel this rela-
tively new concept could have a great impact upon aiv transportation,
considering both military and commercial applications. However, one
of the problems of this innovation arises from the application cf the
brakes; this is nothing more than dragging a skid along the ground in
an attempt to decelerate the aircraft. My initial thoughts concerning
this "drag your feet" braking system was that it would completely
destroy the concrete runways; thus creating additional problems which
might render it completely infeasible.

Hence, the purpose of this study was twofold. F rst, I was
concerned with testing 1020 steel as a srid material, determining the
frictional and wear effects on the steel and concrete, and then making
recompmendations concerning this particular material. Secondly, it
was Impcrtant to devise an experimental apparatus which could be used
in future studies to investigate other promising materials. With this
motivation, my approach was to design and construct an experimcntal
apparatus which would satisfy these requirements and yield some indi~
cation as to the material that could be employed in this particular
braking system. I strongly feel that the pre-establicsned goals and
the desired information were attained, and sincerely hope that this
small contribution will aid in the future development of this project.

It 15 at this point that I must recognize that the succese of
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this thesis would never have been accomplished uithout the aid of many
people. First, 7 must express my complete indebtedness to my thesis
advisor, Major (Dr.) C. David Stuber. His prior research and decign
experience, coupled with patience and an undaunted appreciation of the
humgrOus problems encountered during this study, aided immeasu:ably
during the many discouraging moments.

I would like to personally thank Mr. Millard W. Wolfe, of the Air
Force Institute of Technolory School Shops, for his personal interest
in this study. His timelyv advice and suggestions on the design and
construction of various components proved to be an invaluable asset
to me.

I must also express my appreciation to several pecple from the
Air Force Fliglt Dynamics Laboratory for their centinued encouragement,
logistical support, and assistance in overcoming modification and
ingtrumentation problems. They areé Mr. Wallace C. Buzzard, Mr. bavid
J. Pool, and Mr. Shade Campbell, of the Mechanical Systems Group, and
Mx. George W. Platt, of the Precision Measuring Equipment Center.

Finally, I cannot forget my family, who have endured much during

the accomplishment of this thesis,

Eugene F. Bouma
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Abstract

/7

The Air Cushion Landing Gear uses a frictional skid as a brake. 1
To evaluate 1020 steel as a brake skid material an experimental program
waz conducted to measure the amount ¢of damage or wear of the skid and
concrete surface, The coefficient of fricticn developed by the asteel-
concrete couple and the amount of heat conducted into each constituent
was alsc determined.

The experimental apparatus used in this study incorporated a 1020

steel rider on = rotating 36 inch diameter concrete wheel slong with

appropriate instrumentation. The tests conducted were limited to contact
pressures of 5, 7 1/2, and 10 psi, and velocities lese than 50 mph.
it was found that the coefficient of friction was independent of
the load, but decrew.ad with increasing velocity from a value of 0.35
at 10 mph to a value of 0.28 at 50 pph. For all coatact pressures,

the wear of the steel compared to the wear of the concrete was approxi-

s et i kP e o

mately the same. Typical wear values of the concrete were leps than
1 wil/10,000 cycles. However, the amount of wear of each constitueat
did incresse as the contact pressure vas increased. Finally, with 1
increasing velocity, the amount of heat conducted into the steel

decreaged from 50 to 30 per cent of the total frictional energy, and

the sgmount of hest conclucted into the concrete imcreased from 50 to

70 per cent. i
It cen be concluded that this particular braking systen does mot

rysare vy yesr ar heat distribution préblems with resneect te the

steasl-concrete couple. Thus, this voncept shouid be satisfactory in

operational use,

viii
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‘FRICTTON AND WEAR CHARATTEKISTICS QF

1020 STEEL ON CONCRETE

, ‘L. Introduction

Rackground

The Ailr Force Flight Dynaﬁics Laboratory, in conjunciion with
Bell Aerosystems of Wew York, has been cénducting tests to investigéte
the capabilities of the air Cushion Landing Gear. This specific type
of landing gear replaces the conventional wheals and struts with an
expandable tr:nk and cushion of alr. The trunk is nothing more than
a4 bladder, manufactured from oné-way stretch material and attached to

the bottom of the fuselage. Air from an internal source is forced

into the trunk gausing it to expand, as shown in Fig, 1.
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The air is then emitted from the bottom of the trunk through thousands

of tiny jet nozzles, forming an air cushion beneath the trunk capable
of supporting the alrcraft.

The necessary braking action for turning and deceleration is
proyided by brake skids attached tr expandable pillows, or bladders,
at the bottom of the trunk. These pillows are inflated independently
of the trunk, and force the brake skids downward until thcy contact
the surface beneath the aircraft. Friction between the brake skids
and the lantiag surface provides the necessary braking force.

Bell. Aerosystems has already demonstrated the capability to take
off and land on snow, vater, plowed fields, and conveational runways
using the Air Cushion Landing Gear. The test aircraft was an LA-4,
that weighs 2,400 lbs and has a landing speed of approximately
50 knots. Braking s! lds for this particular aircraft were made from

rubber,

Since the Air Force is considering the adoption of this landing

gear for cargo aircraft, a test program will be conducted using a C-119.

This aircraft weighs 65,000 1bs and lands at approximately 85 knots.
Analytical studieg have shown that, in comparison to the LA-4, the
increased alrcraft weight, landing eneed, and pressure applied to the
brake skids will gencrate nigh surface forces and temperatures capahle
of melting the rubber. Therefore, the Air ¥Force Fiight Dynanics
Laboratory has proposed to substitute a steel skid in place of rubber.
The C-119 will be required to land ¢n water, snow, fields, and con-
ventional runways; no problems are anticipated in the application of

the brakes except on the concrete runways., Thus, of concern is how

e e — e o
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badly will both the concreie and steel deteriorate due to the applica-
tior of the brakes.

The probler is to determine how the sliding motion affects both
the steel and concrete; therefore, it is basically a problem of
friction and wear, Of primary interest is the deteraination of the
;oefficient of fricﬁion, the dimensional lcss or wear of the steel and
concrete, and the amount of heat produced and tﬁen conducted into each
constituent,

The testing corditions approximated an aircraft on a conventional
runway. The braking skid was made from 1020 steel. To simulate the
laﬁding conditions of a C-119 wheie application of the brakes is
plausible, it was desirable to conduct tests using contact pressures
of 5 to 15 psi, and sliding velocities of 10 to 80 mph. However, due
to the power of the variable speed motor oﬁ the test apparatus, a
limited testing program was conducted at contact pressures of 5, 7 1/2,
end 10 psi, and at selected velocities of 10, 20, 30, 40 and 50 mph.

The overall results of this study gave definite values for the
coefficient of friction of the steel-concrete couple and yielded an
indication as to the effect of velocit on tuile parameter. Also of
prime impcortance was thi maximum amount of heat produced and the
determination of the amo-nt of heat conducted into the steel compared
to the amount of heat conducted into the concrete. Finally, the
standard for excessive wear on a runway was established to be a
definite-visible track upon appliéation of the skid brake. Therefora,
this study attempted to qualitatively indicate the feasibility of this

particular b:-aking system by evaluating the amount of wear of the

R Gy ey
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steel and concrete in conjunction with changes in pressure and velo-

city.

Thecty of Friction and Wear

The purpose of this section is to acquaint the reader with the

basic mechanisms of friction and wear. This subject, although very

ancient, remains highly contriversial, and there are few statements

" which can be made in this field that will mot find opposiiion. An

examination of the recent technical literature will reveal that the
adhesion plus plastic deformation theory, first enunciated in the late
1930's, has almest been accepted universally by modern workers in the
field., The latest research work, although leading toc a number of
important modifications of this theory, has suggested neither the
need nor the advantage of abandoning it.

Friction and wear involves the study of surface phenomena in
conjunction with the fundam 1tal properties of materials. It is
apparent that when two surfaces are brought together, initial contact
will be at the peaks of the asperities. These asperities will yield
under continped pregssure, bringing more points into contact until the
full load can be supported.

During this period of contact, an attractive force exists between
the two surfaces, and if relative motion is introduced, the sliding
process can be characterized as a series of asperities contacting each
other and subsequently separating, From this process, two properties
are developed, namely, the coefficient of friction and the surface
damage or wear. The coefficfent of friction is a measufe of the

shearing force cequired to separa:e the contact formed by the application

o i
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of a normal force. The surface damage, on the other hand, is an

indication of where separation has occurred (Ref 5:37). Studies of

this eliding process have led to the observation that friction and
wear occur in two distinct modes, abrasion and adhesion.

Abrasion arises when a hagd, rough surface slides against a softer
surface, digs into it, and ploughs a series of grooves. This material
originally in the grooves can be introduced between the.sliding sur-
faces and abrade material from each surface, or it may be removed in
the form of loose fragments, which is generally the case (Ref 16:167).

Adhesion 1is the tendencﬁ of contacting surfaces to attract each
other due to interatowic forces. It is best described by the weld
theory, as proposed by Bowden and Tabor (Ref 6:27). According to this
view, friction is due primarily to the cold welding of surfaces when
they are brought together under load. Subsequent motion results in
the tearing of the-éetal with rupture teking place either ian the newly
formed weld or in the original material, whichever presents the weaker
bond.

An alternate theory of this mechanism has been presented by Feng
{Ref 8:293). He suggested that the surface of the asperities that
actually make coatact are roughened as a result of plastic deformation.
He further postulated that upon the application of a tangential force,
the mechanicallinterlocking effecf of the roughened interface and the
strain hardening that accompanies plastic deformation will cavse one
of the contacting asperities tc bresk a certain distance away from the
original interface.

The friction and wear mechanisms, previously discussed, occur on
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the sliding surfaces of all materials. Modifying factors, such as the
surface and bulk properties of materials and their reactios to the
surrounding environment, will provide variations in obser;ed behavior
(Ref 9:93). Therefore, this section will be a brief attempt to relate
. these wechanisms to a metal-ceramic couple.
Peterson and Lee (Ref 14:339) have proposed the following pfocess

to account for the observed frictional behavior of a metal-ceramic.

In the initial stages of the sliding process, metal is transferred to
the ceramic material, and the frictional behavior ie similar to the
metal sliding against itself, If the oxide on the original material
is ruptured, the bas: metal will be exposed, and the ceramic and
transferred metal will act like a file to plough out more material.

As this process continues, the welds grow and the friction increases
since the amount of ploughing increases. However, if the oxide is
soft, effective sli&ing results., The overriding factor that determines
whether an oxide will support a given load is probably a straight-
forward mechanical ene. If the oxide is hard and brittle, and the
underlying metal soft and ductile, then the oxide will fracture easily
(Ref 2:49; 17:552). On the other hand, if the oxide has similar
properties to the metal, as in the case of steel, (Ref 2:49) then the
oxide will deform under the applied load, but there is little transfer
of metal, and relatively little damage results, This can be understood
by the fact that there 1s no reaction of the oxides, conmsequently, it
is assumed that thare 1s little adhesion (Ref 14:343).

The wear of steel is influenced not only by 1its tendency to

oxidize, but also by its ability to work harden. Oxidation of steel

b e e R
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surfaces affects adhesion forces, while surface-work-hardening influ-
ences the flow and fracture properties of contacting asperities. Work
hardened and oxidized wear debris from steel complicates the vear

process by acting as a loose abrasive (Ref 9:93, 94). Kerridge and

-Lancaster (Ref 8:294) have suggested that the reason a wear particle

becomes detached is that its bonds gradually becoﬁe veakened by succes-
sive compressive and tensile stresses., Rabincwicz (Ref.8:294) has
posfulated that a wear particle results when the ela:.tic strain energy
in the materigl around a junction is greater than the energy of a new
surface which would be created i1f this material were to leave the
surface in the form of a particle,

As discussed earlier, there are many factors affecting friction
and wear, Another to be considered is the relation of velocity and
surface temperature to thr friction and wear mechanisms. The main
effect of increasiné the velocity arises from the increased surface
temperature generated at the points of contact. These suxface tempera-
tures are important because of their influence on the relevant chemical
processes and physical properties, of which the following are probably
the most important.

1. High hot spot temperatures will increase the reactivity of
the surface and the wear fragments with the surrounding atmosphere
{(Ref 2:358). ansiderations lead to the conclusion that new compounds
may be f .rmed at the interface. Unfortunately, these considerations
become extremely burdensom because of the great complexity of the
possible reactions (Ref 1:313).

2. The relatively rapid heating and cooling of t:2 hot spot: may

encourage metallurgical changes.

O VU
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3. In agreement with Bowden's work, if the surface tempefature
becomes quite high, thermal softening or local melting can occur, and
this is often accompanied by low friction and wear (Ref 2:358; 5:36).

With some metals, the material at the local contacts deforms
‘elastically under any appreciable load and sliding speed, but because
of the hardness of ceramic materfals, very little deforxrmation occurs

. at the asperity contacts. Thus, the real area of contact on a ceramic
18 quite small and accordingly, the stresses are high. It is presumed

that this condition leads to very high local temperatures at the

asperity's surface. Steep thermal gradients occur at these hot spots

because of the relstively low thermal diffusivity of ceramic materials

{(Ref 9:97), snd the resulting thermal stresses can lead to fracture of

the material in the ho! spot region, either by thermai fatigue or by i

thermal~shock mechanisms (Ref 1:323; 9:97). Allen and Sibley

(Ref 1:327) have suggested that the wear rate of a metal-ceramic

couple would decrease appreciably if the low thermal diffusivity of

the ceramic could be increased. This theory is guite plausible since

a low-thermal-diffusivity ceramic required the metal against which it
1s mated to dissipate more of the frictional heat generated at the
contact surface hence, causing a greater volume of the metal to flow
plastically in the neighborhood of the hot spots.

Very little is known about the friction and wear properties of
ceramics except that the predominant factor influencing their behavior
appears to be Induced by the inability of the ceramic to resist thermal
st: »sses created by the excessive heat generated at the interface
(Ref 1:327).

In considering a metal-ceramic couple, the transfer of

metal ¢~ the ceramic surface is generally considered the governing

s;
|
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factor in determiniug the sliding behavior (Ref 13:28). Previous
investigations of the metal-ceramic couple have indicated a friction
and wear behavior which was primarily abrasive {Ref 5:38, 45). This

implies low adhesion forces and little removal or transfer of metal,

‘thus producing little wear (Ref 9:93).
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II. Exgerimental Apparatus

The experimental apparatus used in this study was constructed and

is located in the Flight Dynamics Laboratory. It rrquired approximately

~eight months for this apparatus to become operational; this time period

inclu.ed the overall désign, manufacture of components, assembly, and
necessary modifications., The experim atal appatétus is shown in the
foldout, Fig. 11, at the end of this sectinn.

The éoncrete vheel, supported by an arbor and shaft, is compésed
of two main parts--the pan and the conc ete, The pan, Fig. 2, is

36 inches in diameter, and constralns the ccncrete during rotation.

Fig. 2. Pan

10
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There werc two pans used in this study. In th  first, utilized in the
determination of wear and the coefficlent of friction, agpregate was
placed in the test sectioun to simulate the runway hed, and a wire
screen wag then placed on this to con;train the concrete at higher

3 velocities. This preparation is {llustrated in Fig. 3.

Fig. 3, Pan with Aggregate Preparation

The seccnd pan, utilized in the determination of heat conduction, was
lined with styrofoam to ingulate the concrete, Copper tubing was
routed through the test section, as shbwp in Fig. 4.

Concrete was poured Into the test section and aliowed to set up

for eight weeks, in this time concrete reaches approximately 85 per cent
; of 1ts maximum compressive strength (Ref 14:7). The concrete wheel is
shown in Fig. 5, and balance weights can be observed on the inner wall

of the pan. It was necessary to balance the concrete wheel to minimize

11
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‘Fig. 4. Pan with Tubing and Insulation ‘
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vivorations. An adapter was deslgned for the micropoise balancing
wmachine, and the concrete wheel was statlcally balconced, as shown in

Fig. 6.

e s kB e i e b bl

Fig. 6. Balancing Operation

The co.crete wheel was rotated by a 1 1/2 hp variable speed wmotor
acting through a belt and pulley system. The rpm and. total number of
cycles was determined by Instrumentation using .three components: the
switching device, the signal box, and tgé counters, The counters are
shown as part of the test appavatus in Fig. 11, and the switching
device and.signal box are described in detail in Appendix C.

Water floved through varlious components of the test apparatus

enroute to the concrete wheel, circulated chrough tubing in the

13
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concrete, and then flowed toc a drain. The route of flow 13 given in

Fig. 7.

l_?eservoiz

By Pzss Valve

Water Sleeve

2 ~\
Pump *(/ e Concrete Whee
Main Flow I
Valve

I Draié-1

Fig. 7. Water Circulation kasate

Valves and meters were used to control and monitor the flow rate, with
the appropriate flow curves given in Appendix D. The water sleeve
indicated in Fig., 7 was & device deszigned for this study, and described
in detail in Appendix C.

The steel skid, that slfd on the rotating concrete wheel, was
2 1/4 inecnes long, 3 inches wide and 3/8 of an inch thick. The skid
material was 1020 steel, with holes appropriately driiled.to permit

it to =2 bolted to the bottom of the transfer plate, as Tllustrated in

14
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Fig. 8. This unit was then covered with styrofoam to minimize heat

losses.

Fig, 8B,

Skid Attached to the

Transfer Plate

The transfer plate was a component manufactured from copper due

te the high thermai conductivity of this material. The plate was

machined to provide a 1/8 inch diameter channel that wound back and

forth throughout the interior for water e¢irculation, The route of the

water circulation is the same as described for the concrete except the

plate so the dead weight lo: iing could be bolted to the top.

of lcading syastem was simple and e

asy to apply.

- wvater sleeve is omitted. Holes were drilled and tapped in th: transfer

This tyr 2

The skid and transfer plate,'covered by insulation, was anchored

to the fra.e by an arm holder and a series of clevises and rods, as

o e e
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shown in Fig. 8. A load cell was incorporated in this arrangement
and was electrically connected to a recorder (Fig. 1l1) to determine

the frictional force produced by the skid sliding on the concrete.

Al

[
| G TR AT T, T C S 2
. - - N - - “3
1

oo
——

. e ,,,,,‘ N »
3 { i H
[; e, Load 1 3
q Cell /

s < R B e ' -
# B £ R
' *\ =5
Ll 3
R ~ <3

. N

n‘x.s_ - - =

NOT REPRODUCIBLE
Fig., 9. Skid Assembly

As with all frictional processes, heat was produced at the inter-
face and then conducted into the steel and concrete. Thermocouples

were ins:rted into the inlet and outlet of the transfer plate and

concrete to determine the temperature change of the water due to

frictional heating. Copper constantan tﬁermocouples were used, as
this type Qas'recommended for the temperature range encountered during
this study (Ref 11:70). Figure 10 illustrates that.the thermocouples
were connected to a multiposition switch which, in turn, was connected

to a potentiometer, The potentiometer is sliown in Filg. 11, and the

+
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mercury cup, indicated in Fig. 10, 1s dascribed in detail in

Appendix C.

Thermoccuples

Inlet

Concrete
Wheel

Y

Outlet :) Mercury Cup

Thermocouples Potentio-
‘ meter

Inlet

Transfer
Plate

4 : Multiposition

Switch
Outlet

Fig. 10. Temperature Sensing Unit

17

JUUR Y




TR o =

GAM/MC/70-1

e ——— .

as3une, KO

YIS
uoT3T80dTITNH

@ ? T
@®. % g

4
i

s
§ i

i

g;.,, OO R

@.ﬂ%m?i

#ﬁ!ﬂh ma : ‘ c 1 N vy

" H Sy bgﬂ%%s . z . m ..lym:.« .

:ﬁ, T g N HHW,‘NF T ftcxfdu%«ﬁ&,ﬁu«nq i ,,.
30 ¥ : -

- we g T T

E g
=y
T

AT ey
K
o~
~ S

o
f ARt Kb

12pI029Y
uxogpueg

.

St AT

B
ol
<
€
T T
o
~ TS

¢ mEE ,

’7
-~

T Rl I i e S .
e ;
e S L o Ry L R w o gt S d et s T } :

R R I o | :
. - : o arody e -
s gt ey < = T v "........)H N cm e empmomm .M .,
i - .1 L - LOLEN
w e S \LL.,“.ry....(;xwﬂ?w!,..%.,h.“ RSN M LN -
e

R e

i8

o



g e i

snyjeaeddy Tejuauwyasdxy *IT °*ST1d

A5

R
Ly
o

YT

<

o L ..e:ﬁ.nb.g, e

M:

b

AL L

LT RS 312, P )

e
)

.2

P
ez

et

FiL .
d
.t

19

o

it X




GAM/MC/70-1 . ' 3

I1I. Experimental Procedure'

The experimental procedure was as follows:
1. Prelimipnary procedures
2. TFlow rate adjustment

| : 3. Velocity adjustment

4. Data procurement

5. Final procedures

Preliminary Procedures

The wear reference measurement was accomplished first. This was
-nothing more than sbtaining the thickness of the steel skid with a
micrometer. After this measurement was completed, the skid was bolted
to the bottom of the transfer plate, and the predetermined amount of
loading weights secured to the top of the transfer plate to obtain the
desired contact pressure. Table I gives the normal load required to

obtiin the various contact pressures.
Table I

Relation of Normal Load to Contact Pressure

Normal Load (1bs) 29.8 44.7 59.6

Contact Pressure (psi) 5 713/2 10

A reference maasurement was re

E ' A 2Tl =

(213

24
'3

]

concrete., The Instruments used for this measurement are shown in

Fig. 12,
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Fig. 12. Wear Measurement Instruments

A reference bar was secured to the pan, and the’ depth micrometer was
inserted through each of the five holes. This procedure was accom—
plished at three specific points on the concrete, and the measurenents

at all points were recorded for future reference,

Flow Rate Adjustment

The desired flow rate was obtained by adjusting the valves and
monitoring the flow meters., For the tests in this study, the flow
rate. for the skid énd concrete s&stem was held constant at 300 cc/min.

A

Velocity Adjustument

\

The wheel rpm giving the desired velocity of the concrete was
obtained by adjustment of the variable speed motor. Table II gives

the various test velocities and correspoanding rpm used in this study.

21
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Table 11

Relation of Velocity to RPM

Test Velocity (mph) 10 20 30 40 30

RPM 120 240 360 480 600

Data Procurement

The inlet and outlet temperatures of the water flowing through
the transfer plate was determined by thermocouples, recorded, and
periodically checked until the end of the test. The same procedure
was followed for the flow through the concrete, and once the tempera-
ture difference between the inlet and putlet remalned constant for
both systems, a steady state condition was reached, and this portion
of the test was completed.

Periodic:1lly during the test, the recofder was activated and
allowed to operate for a short time to obtain a frictional force chart.
The last instrument to be read was the cycle counter. Once the desired
nuuwber of cycles was reached, in this study, ten thousand, the experi-

mental apparatus was shut down.

Final Procedurxes

The final procedures were rem. /ing the steel skid from the trans-

fer plate and measuring its thickness with a micrometer. The wear of

first part of this section. These measurements were compared with
those taken prior to thi test to determinc the amount of wear per

ten thousand cycles.
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IV. Reswvit: and Discussion

The results oblained during this study can be separated into

three categories: (1, coefficient of friction; (2) wear; and

{3) frictional heat.

Coefficient of Friction

S e LA I RIS

The frictional force was determined by a numerical average of the
frictional force charts displayed in Appendix B. Due to the scale
uged, these charts were accurate to the nearest half pound thus, intro-
ducing errors between 2.5 to 6.0 per cent. The coefficient of friction
was then determined from the frictional force and the known normal force

by the equation
ueg | m

vhere

1] is the coefficient of triction

F is the frictional forece, pounds

N is the normal force, pounds.
The experimental data obtained during this investigation, aleng with
that calculated by using Eq (1), are displayed in Table III.

With respect to the cocfficlent of friction, there are two main
points to be discussed, the applicability of Amentons' law and the
variation of the coefficient of friction with velocity., Amontons' law
states that the frictional force is independent of the apparent area
vf the sliding bodies and directly proportiomal to the load. An

implication of this law is that the coefficient of friction is

23
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Table III
Frictional Force and Coefficient of ¥riction for
the Various Test Velocitias and Pressures
)
Pressure | Normal Load | Velocity | Frictional Ferce ([Coefficient
of Friction

(psi) (1bs) (zph) (1bs) ()
5 29.8 30 10.3 0.35
20 9.9 0.33
36 9.3 0.31

40 8.7 0.29
50 8.4 .28

7 1/2 44.7 10 15.2 0.34
20 14.4 0.32

30 13.5 0.30

40 13,1 0.29
50 12.4 0.28
10 59.6 20 20.3 0.34
: 20 13.6 0.33
30 18.5 0.31

40 17.2 0.29

50% - -

* No test was performed at a coutact pressure of )0 psi and a sliding

velecity of 50 mph due to the power limitation of the motor
installed on the spparatus.




independcnt of load (Ref 2:98), Figuwe 13 1s a plot of the coefficient
of friction versus contact pressure which 1s proportional to the load.
The figure shows that the cocfficient of friction does not vary with

the load, in accordance with Amontons' law.

2 .380 T
o ot o st O~ 8liding Veloeity - 10 mph
g 360 - o)l 6~ Slding T locity - 40 mph
SR S 108 NS S L S M L G
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9 S AR T IR AN DU RS MRS Ry R B
g .280 4 - S : : ' o
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] I
5 I V) 10

Contact_Pressure (psi)

Fig. 13. Verification of Amontons' Law

The variation of the coefficient of friction with velocity is
shown in Fig. 1l4. This curve compares quite favorably in the region
cf 35 to 50 mph where the tests overlapped with recent studies done

by NASA (Ref 7:21).

It is sugpgested that the decrease in the coefficient of friction

with velocity was due orimarily to two factors. First, to a property -

of ceramics duriig sliding; nameiy, the formation of a thin amorphous
golid fiim that provides a viscous lubrication during frictional

heatin; (Ref 9:9Y7). Considering concrete as a ceramic, this explana-

tion 1s plausible,
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Fig. 14, Variation of the Coefficient
of Friction with Velocity

Secondly, in agreement with Goddard and Wilman (Ref 10:117), the
decra2ase in the coefficient of friction 1s attributed to an iaurease
in the surface hardness of the steel skid. The frictional feorce in
this study was caused primarily by the ploughing of asperities. An
increase in surface hardness of the steel would promote a gliding of
the asperities rather than ploughing thus, lowering the frictional
force. Wilson superficial hardness tests, supplemented by the Tukon
micro-hardness test, were performed on the steel skids to verify this

theory. The average results of twenty wilson superficial hardness

tests performed on each skid are given in Table IV. The original

hardness of the skids was 61 Rockwell N,
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Table 1V

Average Ircrease in Surface Hardness
of the Steel Skids

» Aversge Increase in Surface Hardness
511ding Velocity in Rockwell N at Contact Pressures
mph 5 psi 7 1/2 psi 10 psi
10 1.2 0.4 0.9
20 2.8 2.0 0.8
30 1.7 0.7 0.0
40 2.2 ) 1.4 0.3
50 ) 1.6 0.3 -

Although there is no logical order of increasiug hardness, it is
possible that this indenter type of test was breaking through the thin
hardenad surface of the steel. The Tukon micro-hardness tests per-
formed on three skids indicated higher increases in hardness ranging
from 0 to 8 Rockwell C. Thus, all but two tests indicated a definite
increase in the surface hardness of the steel aftex sliding.

This writer suggests the facrease In surface hardness is due
éolely to work hardening, 7This is a progrescive strengthening of a
metal with increasing deformation, and it {s caused primarily by the
interaction of disloucatrions on lntersecting slip planes. Welsh and
others (Ref 18:960) attribute this source of hardeniug t> two factors;
work hardening and mertensicic formation. To harden steel by a2

martensitic transformation, two roquirements must be met: (1) The
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temperature and time at temperature must be great enough to form the
solid solution of carbon in y lron, austenite; and (2) The rate of
cooling irom the austenizing temperature must exceed the critical rate

necessary to suppress the eutectoid transformation, the austenite then

-converting to martensite. Considering the cooling rate, hot spois

on the rubbed surfaﬁes will ecool by conduction into the bulk maferial
at an enormous rate. Therefore, if austenite is produced during the
temperature flash, martensite can be expected to form (Ref 18:969).
However, the emperature and time at temperature must now be
considered, as this is probably the determining factor as to whether
of not a transformation will take place. It is suggested that no
transformation occurs primarily because the temperature and time at
temperature required would not be attained at the low pressures and
velocities of this test. This judgewment is also based on the small
increase Iin the surface hardness of the skid. Welsh (Ref 18:960)
iudicates much higher values should be attaliied 1if martensitic trans-

formation occurs.

Wear

The second portion of this study dealt with the determination of
the amount of wear of the steel and concrete. The data obtained are
presented graphically in a series of plots of the amount of dimensional
loss of each constituent per 10,000 cycles versus velocity. These
plots are shown in Figs. 15, 16, and 17.

Figures 15-17 show a decrease in the wear of the skids with
increasing velocity. This was also observed by inspecting and com—

paring the abraded surface of the skids (Fig., 18).
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s
s It is suggested that the explanation offered for the decrease in

the coefficient of friction, namely, the formation of a lubricating
solid film and the increase in surface hardness of the steel, is also
applicable, in this particular case, to the decrease in the amount of
wear. This explanation agrees with Wilson (Ref 18:960), who has

demonstrated that a layer of strain hardened metal affords appraciable

protection against damage during sliding. It also readily conforms to

the theory of Glaeser (Ref 9:97), who eccounts for the exceptional wear

7

resistance of ceramics during sliding to the formation of a thim
a2morphous solid film that provides & viscous lubrication during fric-
tional heating.

With reference to Figs. 15-17, the exceptionally high amount of
wear at 10 mph, for all contact ﬁressurea, might have been a result of
the testing procedure. These tests were accomplished first when many

superficial particles and asperities still existed on the surface of
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Fig. 18, Abraded Surface of the Steel Skids

the concrete. These "rough spo's” wear quite readily. Hence, it is

possible that a longer "rubbing in" period prior to testing would have

[1-‘
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Functional Heat

The third and Final port!.n of this study was concerned with the
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mount of frictional heat produced, and the percentage conducted into
the steel skid and also into the coi<rete. It was assumed that the
frictional energy 1s ccuverted entirely to heat (Ref 11:56). This

assumption, in conjunction with the First Law of Thermodynamics and

ueglecting the change in the internal energy, ylelds the following

equation
W
=3 ()

where

Q is the total heat energy, BTU/min

W is the total frictional work, ft-1lbs/min

J is the conversion factor, 778 if-lbs/BTU.
Although it is acknowledgéd that a small pqrtion of the total energy
is utilized in elastic-plastic deformation along with chemical reactions
at the interface, the change ir the internal erergy can be neglected
since all measurements were taken at a steady state condition. A
sample calculation is now presented using Eq (2) to determine the total
heat energy. The data provided were obtained at a contact pressure of
5 psi that ylelded a frictional force of 10.3 lbs, and a sliding velo-

clty of 10 wph (880 ft/min).

Q= (880 Et{%) (10.3 lbs) (.ﬁ_gLf_%lf.i‘{E;), 11.6 %’f—:-

The remaining calculations can be found in Appendix A, with the results
displayed in Table V.

With respect to the skid system; the steel, the transfer plate,

32
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and the insulation was taken a&s a control volume, and it was assumed
that there are no heat losses from this control volume to the atmos-
phere. Since the change in temperature of the water flowing through

this contrel volume was determined at & steady state condition, the

" amount of heat into the control volume equaled the amount of heat

transferred from the control volume to the water. Hence, the heat

gained by the water can be determined from the following equation

g " mC AT8 (3)
where
q, iz the amount of heat transferred to the water, BTU/min
® is the mass flow of water, 300 gms/min
c is the specific heat of water, 1 calorie/gm °c

ATn is the change in temperature of the water, °c.
A sample calculation is now presented using Eq {3) to determine the
heat into the water and consequently, the heat into the steel skid.
The data provided were obtained at a contact pressure of 5 psi, and a

eliding velocity of 10 mph. This test ylelded a ATs of 4.6°C.

q, = (300 %) G-—"—il-%’?i‘i) (4.6%) (0.00396 Zﬁ'g‘rli'é) - 5.4 208
gm C
The remaining calculations can be found in Appendix A, with the results
displayed in Table V. The esame calculations, using Eq (3) were also
performed for the concrete system. These calculations are also found
in Appendix A, with the results displayed in Table V. Referring to

Table V, the combined heat into the steel and concrete (qs + qc)

i3
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accounts for only a percentage of the total frictional work (W). It
is suggested that due to the velocity of the concrete wheel, the
remaining unaccounted heat is removed from the concrete in the form
of convection losgses. To substantiate this theory, calculations were
’pegformed to determine the temperature difference between the concrete
surface and the air, necessary to obtain such heat losses. The

following equation was used

Uop = Rer 4 8Ty (4)

where
%a is the heat loss from the concrete to the air,
9., =10~ (g, + q ], BIU/min
hcr is the ccnductance coefficient for sir flowing over
concrete (Ref 4:126, 251), BTU/HR. ft2 OF
A is the area of the concrete surface, f£t2
ATca is the temperature diffeiance between the concrete

surface and the air, °C.

A mample calculatfon is now bresented using Eq (4) to determine the
temperature difference required to obtain such heat losses. The data
provided were obtained from Table V for a contact pressure of 5 psi,

and a sliding velocity of 10 mph, where 9.a is equal to 3.3 BTU/miu.

REANCES

AT = = 5.8°%
’ o
(s.z ——Iﬂ‘z’—o-> (3.67 ftz) <1.e ;F-)
hy ft F C

The remaining calculations can be found in Appendix A, with the results

displayed 1n Table VI. Since these tests were performed at room

35
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temperature (T which is approximately 22°C, one method of bbtaining

RT)’

the surface temperaturelof the concrete (Tcl) 1s to add the room temp-

erature between the concrete surface and the air (ATca)' These results

are also contained in Table VI.

Table V1

Concrete Surface Temperatures ('1‘c } and the Calculated
1
Temperature Difference (AIca) Between the

Concrete Surface and Air

Contact Sliding Temperature Concrete Surface
Pressure | Velocity | Difference - ATca Temperature - T

(psi) (mph) (°c) S|

5 10 5.8 27.9

20 9.4 31.4

30 10.6 32.6

40 10.2 32.2

71/2 10 8.7 30.7

20 12,6 34.6

30 14.2 36.2

40 15,5 37.5

10 10 11.0 33.¢

20 18,3 40.3

30 21.3 43,3

[

Referring to Table VI, the highest temperature difference between
the concrete surface and the air (ATca) 1s 21.3°%. After this varti-
cular test, the concrete felt quite warm to the touch., Thus, it is
suggested that this waxinum temperature differcunce, along with the
others, is teasonable and lends creditability to the theory that con-

vection losses are quite significant in this favestigation. Therefor:,

36
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Table VII 1s used to present the amount and pevcentage of the heat

eandu~ :d into each constituent incornorating the convection losses.

The data displayed in Table VII are presented graphically for

ease of comparison and interpretation in Figs. 19-24.
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From an observation of Figs. 22-24, it is assumed that approxi-
mately 50% of the heat is conducted into the steel skid; this agrees
with an analytical study (Ref 3:8), that somevhat paralleled this
investigation. Of interest is the explanation of the decreasing trend
of the heat into the steel skid with Increasing velocity. It is
suggested that the steel was at a higher temperature than the concrete
due to the great difference in thermal conductivity of these two
materials; and it was this température difference that caused heat to
be conducted from the steel to the concrete.

Calculations were performed to determine the temperature gradient
within the concrete, from the surface to the water coils, necessary to
account for the total heat conducted into the concrete. The following

equation was used:

AT
q =k a—=& (5)
where
'ch iz the total heat conducted into the concrete, BTU/min
k is the coefficient of thermal conductivity of the comcrete,
1.05 BTU ft/hr OF fc?
A is the surface area of the wear track on the concrete, ft2
Ach is the temperature change im the concrete with x, °C
X fa the distance from the concrete surface to the water

coils, ft,
A sample calculation is now presented using Eq (5) to determine the

change in temperature within the concrete to account for the total

‘Table VII at a contact pressure of 5 psi and a sliding velocity of

10 mph
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BLU) (g Bin) (L
(6'2 min 60 1r (32 “)
AT = = 3.4°C

o
(1.85 ftz) (1.05 g’_rg__z_) (1,8;{:-)
hr F ft

The rema2ining calculations can be found in Appendix A, with the results
displayed in Table VII1. A second approach to determine the surface
temperature of the concrete (Tcz) was to assume that the average temp-
erature of the concrete at the water coils was (Tinc + ATCIZ) where
Tinc is rocom temperature, and ATc is the temperature charge in the
water flowing through the concrete., Thus, the surface temperature can
be readily calculated by taking the average temperature of the concrete
at the water coils and adding ft te the temperature change from the
surface to the water coils in the concrete. The values ior "l'c2 are
also presented in Table VIIX, |

Referring to Tabie VIII, the highest temperature change in the
concrete with x (3/8 of an inch) i1s 21.9°C. After this particular
test, a network of cracks was observed on the cencrete surface, possibly
caused by thermal stresses. Thus, it is suggested that this maximum
temperature change, along with the others, is possible, and therefore
lends some support to the theory that heat is being conducted from the
steel skid intc the concrete.

The calculated surface temperaturas of the concrete given in

Tables VI and VI1I are now compared in Table IX. This close agreement

of these two independer® approaches to determine the surface temperatur»

of the concrete is an indication that the assumptions made in this sec—

tion are acceptable,
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Table VIII

Concrete Surface Temperatures (Tc ) and the Temperature
2
Change of the Concrete with x (Arcc)

Contac Sl{ding Temperature Concrete Surface
Pressure | Velocity | Change - AT Temperature - T

(psi) (mph) (°) °©¢ cc) ©2

5 10 3.4 27.1

20 7.2 31.1

30 10.6 35.1

40 13.2 41.4

7 1/2 10 4.8 28.5

20 10.1 36.1

30, 15.0 41.0

40 20,1 46.8

10 10 6.5 30.9

20 14.4 40,5

30 - 21.9 49.5

In summary, it was found that the coefficient of friction was

’ independent of the load, but decreased with increasing velocity from

a value of 0.344 at 10 wph to a vaiue of 0.280 at 50 mph. For all
contact pressures, the wear of the steel in comparison to the wear of
the concrete was approximately the same. However, the amount of wear
of each constituent did increase as the contact pressure was increased.
Finally, with increasing velocity, the amount of heat conducted into
the stcel decreased from 30X te 30X of the total frictional energy,
and the amount of heat conducted into the concrete increased from 50%

to 70%4.
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Table IX

Comparison of the Concrete

Surface Temperatures

Contact Sliding | Surface Temperature | Surface Temperature

Pressure | Velocity Table V - Tc Table VII =~ 'l‘c
(ps1) (mph) (°c) "1 (°cy “2

5 10 27.9 27.1

20 31.4 31.1

30 32.6 35.1

40 32.2 41.4

71/2 10 30,7 28.5

20 34.6 36.1

30 36.2 41,0

40 37.5 46.8

10 10 33.0 30.9

20 40.3 40.5

30 43.3 49.5
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V. Conclusions

The cenclusions listed below are made witﬁ reference to the
friction and wear tests accomplished dur ng this study,

1. The cecefficient of friction for the steel-concrete couple was
independent of load; thus, Amontons' law was obeyed in this study.

2. The maximum value for the coefficlent of friction was attaiued

 at the lowest sliding veloéity, 10 mwph, and the coefficient of friction

decreased approximately 4.7% for each 10 mph increase in sliding
velceity up to at least 50 mph.

3. The wear rate of the steel and concrete decreased as the
sliding velocity was increased to approximately 30 mph. Above this
point the wear rate remained constant with Increasing velocity.

4, Considering sliding velocities greater than 20 mph, the amount
of wear of both the concrete and steel iuncreased with an increase in
contact pressure.

5. For all contact pressures, the wear of the stcel compared to
the wear of the concrete was approximately the same.

6. The total amount of frictional heat gencrated was divided
equally between the steel skid and the concrete at velocities of 10 wmph
or less. At greater velocities, this distributfon changed as heat was
conducted from the steel tc the concrete.

7. The minimum amount of heat coaducted into the steel skid was
approximately 30% of the total frictional enecrgy, and the masximum was

50%.
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8. The minimum amount of heat conducted into .he concrete was

approximatel:

70%.

50% of the total frictional energy and the maximum was

9. This particular braking system did not create any wear or

heat distribution problems with respect to the steel-concrete couple.

Thus, this concept should be satisfactory in operationmal use.

49
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VI. Recommendations

1. Install a more powerful variable speed motor on the experi-
mental apparatus to attain higher velocities and accommodate testing
»at greater contact precsures,

?. To determine the surface temperature of the concrete, construct
a thermocouple using strips of copper, mica and constantan, This should
be installed just behind the steel skid on the concrete surface so that
movement of the concrete will wipe the copper into the constantan, thus
forming a thermocouple.

3. A more accurate method should be devised to determine the
friectional force.

4, So that a more realistic approximation of the wear of a con-~
crete runway can be attained, use a new concrete surface for each test.

5. Various materials aﬂould be tested using the apparatus con-
structed for this study. Steels with a higher carbon conteunt, in

conjunction with varicus heat treatments, are initially recommended.
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7.

10.

11.
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Contact
Ptessure
(psi)

71/2

10

Calculation of the Total Heat Energy

Sliding
Velocity
(mph)

10
20
30
40

Siiding
Velocity
f/min

280
1760
2640
3520

880
1760
2640
3520

880
1760
2640

Frictional

Force
(1bs;

—
0o W0 WO

~ W oW

|l el o
Wi L
WU N
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Conversion
Tactor
fr-1bs /BTU

778
778
778
778

778
178
778
778

778
778
778

Total

Heat Energy
BTU/min

11.6
22.4
31.6
39.4

17.2
32.6
45.8
59.7
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Appendix B

Frictional Force Charts
1]

These charts are an Iintegrated form of the frictional force. The
integration was obtained by a capacitance placed across the ven motor of

”

the Sandbora recorder, and had the effect of dampening out osc’llations.
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Functional Force Charts - Contact Pressure 5 psi
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Appeudix C

Schematics, Drawings, and Explanations

of Components

Switching Device

The purpose of the switching devlceg Fig. 28, was sinply v
complete two circuits which allowed elect _ical impulses from the

signal box to Le fed into the counters,

. Fig. 28. Switching Device

A magnet‘was attactied to the lower portion of the shaft between

the arbor and the pulley as illustrated in.Fig. 29,

e
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Fig. 29. Magnet Attached to the Shaft

Seven reed switches, with appropriate electrical connections, were
installed on a ;etal cylinder (Fig. 30), Six of these switches wers
utilized {n the rpn circuit and the remaining one was used in the cycle
counting circult, |

This cylinder was bolted to the frame so the switches encircle
the magnet. As the shaft rotated, the magnet swept past e¢ach switch
causing it to close, hence, completing an.electrical -citcuit.
Electrical impulses from the signal box were then fed through these’
completed circu_i:ts to the counters, where the rm and number of c;réles
were numerjically displayed. A schematic.of the signal box and switching

device is given in Fig. 31.
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Fig. 30. Reed Switches and Connections
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Kater Sleeve

The water'sleeve is illustrated by a cutaway view in Fig., 32. Its
purpose was twofold: 4t held the concrete wheel in place and it trans-
ferved water from a stationary external source to the inlet of the
rotating conctéte wheel. After flowing through the concrete wheel, the
water wes again transferred through another portion of the water sleeve
to a drain,

With reference to Fig. 32, a continuous flow of water from the
mete;s enters :ﬁé stationary outer shell and flows into the upper
compartment which is made water tight by using "0' rings and kapseals.
The upper hole in the left section of the rotatiang inner cylinder is

always aligned.with the upper compartmen., thus permitting water to

flow from the compartment, through the channel, to the concrete wheel.
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Outer Shell

A

Meter —>» —

Upper 7 ~———% Drain
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= Concrete
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Fig. 32, Water Sleeve Drawing

After flowing through the concrete wheel, the water ic returned to the
right section of the inner cylinder, through the second channel to the
lover compartment. The water then exits through the outer shell to a

drain. The actual water sleeve is shown in Fig. 33,

Mercury Cup

The purpose of the mercury cup, Fig. 33, was to provide an electri-
cﬁl connection between two wires, one of which was rotating. A cutaway
view of the mercury cup is shown In Fig. 34. A circular teflon cup was
mounted to the top of the water sleeve and rotated with the shaft. Four
grocves were cut into the cup at a 45 degree angle, Thermocouple wires
from the concrete wheel were fed through tiny holes drilied in the
bottom of the cup, and then glued into position so that a small segment

of the wire protruded into the groove.
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Fig. 34. HMercury Cup Drawing
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Probes, connected to the multiposition switch were inserted
inte the grooves from the top. A stationary platform supported and
aligned the probes. Mercury was then poured into the grooves until

an electrical connection was made; hence, the purpose of the 45 degree

‘angle was to keep the mercury from spilling out of the groove during

rotatioh.
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Appendix D

Calibration Procedures

Calibration of the Flow Meters

The flow meters were calibrated by pumping water through the meters

end adjusting the flow rate to the desired meter reading. The volume

of water that flowed in a one minute period was then weasured with a

graduated cylinder and flow curves, Fig. 35, were plotted fox reference.

Calibration of the Frictional Force Unit

The frictional force unit is comprised of a 500 pound load cell
and a single channel Sandborn recorder. This unit along with the
calibration equipment is i{llustrated in Fig. 36,

The non-sensing leg of the load cell was anchored to the floor
and the sensing leg was bolted to a scale as shown in Fig. 36. This
arrange :nt has the advantage of eliminating error due to the weight
of the components. The appropriate elécttical connection was made
between the load cell and the recordei, and the potentiometer in the
tecorder was balanced according to the operational manual. Successive
loads of ten pound increments were applied to the load cell and the
‘‘gain of the cecerder" set to obtain the desired needle deflection,

in this case, 1 ¢m for each 10 pound increment.
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Fig. 36. Calibration Diagram of
the Frictional Force Unit

74

B
4 1
1

!
1

j

|

i

i

|

i

i

1

!

1

3

!

|

j

i

i

L

*ﬁ

- — 5
i




bt o]

GAM/MC/70-1

Vita

Eugene F. Bouma was born on 23 July 1943 in Pittsburgh,
Pennsylvania. He was graduated from Penn ﬂills senior High School,
Penn Hills, Pennsylvania, in 1961. Graduation fiom Grove City
.College in 1965 provided him with a Bachelor of Science degree in
Mechanical Eagineering. After completing an alrzcraft muilntenance
officer course at Chanute AFB, Illinois, ﬁe served as an aircraft
maintenance officexr with the 23rd Tactical Fighter Wing, McConnell
AFB, Kansas. Admission to the Air Force Institute of Terhrolegy at

Wright-Patterson AFL, Ohio, followed in June of 1968.

Permanent Address: 1121 Norxth Avenue

Verona, Pennsylvania 15147

This thesis was typed by Mrs. Jane Manemann,

75




USCLASSIFIED

Serqnty Cl.neifirating

COCUMENT CONTROL DATA-R& D -

(Security elavailicration of title, bady vl abstract and indexing annotaticn must be entered when the overall reporst iz classifled)

! OMICINATING ACTIVITY (Corporale suthor)

24, REPORT SECUMITY CLASIFICATION

ce s taa e

Afir Force Institute of Technology (AFITSE) |________Unclaassiffedq i~ 1

Wright-Patterson AFB, Ohio 45433 6. aroue

» ACFPORY TITLE

FRICTION AND WEAR CHARACTERISTICS OF 1020 STZEL ON CONCRETE

4 DESCMETIVE NOTLS (Type of roport and Incluaive dates)

AF1T Thesis T VL SV

s AuTHOMIBI (Firot neme, middie initiel, last neme)

Eugene ¢, Bouma, Capt, USAF

¢ MEPQORTY DATER 78. TOTAL NO. OF PAGES b, NO. OF AKFS
‘March 1970 18
8. CONTRACT GR GRANT ND. 98, ORIGINATON'S REPORT NUMBER(S)
b. PKOIRC T NO. GAM/MC/70~-1
e. N/A 5. O TMHER REPORT NO(S! (Any other numbers that may te assigned
this report)

DISYHIBUTION STATEMENT This document 1s subject to speclal export controls and each
transmittal to foreign governuments or foreign nationals may be made only with
prior approval of the Dean of Engineering, Air Force Institute of Technology
(AFITSE), Wrigpt—Patterson AFB, Chio 45433.

CSUMPLLMENTAAY NOTES

12. SPONSORING MILI TARY ACTIVITY

|

TABITRACT.

The experimental apparatus incorporated a 102C steel rider onm a rotating
concrete wheel, The tests conducted were limited to coatact pressures of

5, 7 1/2, and 10 psi, and velocities less than 50 mph. It was found that the
coefficient of friction was independeat of load, but decreased with increasing
velocity. For all contact pressures, the wear of the steel cowpared to the
wear of the concrete was approximately the same. However, wear of each
constituent did increase as the contact pressure was incressed. Finally, the
heat conducted into the steel decreased with increasing velocity while the

heat conducted into the concrete increased.

D

SFom1473 UNCLASSIFIED

Security Classification

LN

i
}

S




+flon

W}{‘;ﬂ_:ﬂ P R N N b UL

REY WOKRDS

LINK A

LINK @

ROLE T

ROL

wT

Friceion., -

v LR BN A A ot vy
L ¥
* . . 1 - o
Wear kS
Steel
. . A KD EE ) N ! ! N
Concrete
Air Cushion Landing Gear "
Skids
Lorn PR N .
Skid Brakes
‘ NS AR
A
LY
[ FLIPIPEES S PV LS - L fen . Y .
il aboi o . . : P A [ - I 1: H
T C TS VA FERRE i -1 N
PR L . L DISS Fo B Ui e 1
Dot o i gt . " ot NS PN [
N MU % B IBEENS E S E ENS N . [T N 8 R
JERS B e G . o0 s DTS R - .
RS S . L T B ST FEOVaS Lolar s i "
P | T Y BT PRI U A 2 R PR AN B
e Tam S BTN e gt oo e, % B ST O g s
P S U1 2 SRS SITTE S LT & e A1 . : ok EEETR SN O PEE I
|
; B TEEREEEE RV EAT I ER BT R SR A S Sl e Cclad Lol s o ‘
PSP S MBS S S AT voelt o Liad e qin
] ~
A
UNCLASSIFIED
Security Classification
L
. . -
Y
b, B ‘ e o e EMER. —m——p— i Rl




